Abstract. In 2005, the Royal Society published a report titled Ocean acidification due to increasing atmospheric carbon dioxide. The report's principal conclusion-that average ocean pH could decrease by 0.5 units by 2100-is demonstrated here to be consistent with a linear extrapolation of very limited data. It is also shown that current understanding of ocean mixing, and of the relationship between pH and atmospheric carbon dioxide concentration, cannot justify such an extrapolation. PACS: 91.62.La; 92.20.Cm; 92.20.Xy. 
Introduction.
The 2005 report of the Royal Society maintains that we face a crisis in continued acidification of the oceans due to the emissions of anthropogenic carbon dioxide [1] .
They state "Ocean acidification is a powerful reason, in addition to that of climate change, for reducing global CO 2 emissions. Action needs to be taken now to reduce global emissions of CO 2 to the atmosphere to avoid the risk of irreversible damage to the oceans. We recommend that all possible approaches be considered to prevent CO 2 reaching the atmosphere. No option that can make a significant contribution should be dismissed."
Quantitatively, it is further maintained that "If global emissions of CO 2 from human activities continue to rise on current trends then the average pH of the oceans could fall by 0.5 units (equivalent to a three fold increase in the concentration of hydrogen ions) by the year 2100. This pH is probably lower than has been experienced for hundreds of millennia and, critically, this rate of change is probably one hundred times greater than at any time over this period."
Zeebe, et al. [2] argue that, in contrast to climate model predictions, "future ocean chemistry projections are largely model-independent on a time scale of a few centuries, mainly because the chemistry of CO 2 in seawater is well known and changes in surface ocean carbonate chemistry closely track changes in atmospheric CO 2 ." These are very strong claims and if true mandate immediate action to protect one of the world's most precious assets, one that is currently experiencing the tragedy of the commons due to over fishing and habitat destruction. There are, however, significant uncertainties in projections of ocean pH even though "the chemistry of CO 2 in seawater is well known".
The organization of this paper is as follows: The relationship between pH and pCO 2 is discussed in terms of two expressions easily derived from the chemistry of seawater (the derivations are given in the Appendix); this is followed by a description of the limited pH data available from Ocean Station Aloha; a comparison of the actual data with the 3 theoretical models follows. It is then shown that the extrapolation of pH in the Royal Society Report is consistent with a doubtful linear extrapolation of the Ocean Station Aloha or similar data. There follows a discussion of ocean mixing times and the Royal Society assumption that there will be no mixing of surface water with the deep ocean.
An introduction to seawater response to increased atmospheric carbon dioxide concentrations is also given in the Appendix.
The relationship between pH and pCO 2 In footnote 32, Pearson and Palmer [3] give the following equation for estimating pCO 2 as a function of hydrogen ion concentration and total dissolved carbon:
Order of magnitude estimates of the dissociation constants imply that only the second term in the denominator of the r.h.s. is of importance. This results in the relation (2) Caldeira and Berner [4] Eqs. (2) and (4) where the validity of either assumption will also be evaluated. The Royal Society report [1] , referencing Zeebe and Wolf-Gladrow [6] , maintains that if there is "no mixing with the deeper oceans . . . it is predicted that pH will fall to below 7.9 by 2100". If one uses Eq. (5) with the date year of 2100, one obtains pH(2100) = 7.8.
The Royal Society pH estimate for 2100 is thus consistent with a linear extrapolation of the eighteen years of data from Ocean Station Aloha. Such an extrapolation would appear to be unwarranted or questionable at best. As can be seen from The Ocean Station Aloha data imply that the rise of atmospheric carbon dioxide concentration is affecting ocean pH. Geographically diverse data would strengthen the case for this argument. However, the current level of understanding of the mixing of surface water with the deep ocean (discussed in the next section), and the relation of atmospheric carbon dioxide concentrations to ocean surface water pH, is not adequate for centennial or longer ocean pH projections. In addition, current extrapolations do not take into account rising water temperature or the response of the biosphere. After all, the biological pump is responsible for some three-quarters of the surface to deep-ocean gradient in dissolved inorganic carbon [8] .
Ocean mixing times
The Royal Society report assumed no surface water mixing with the deeper oceans. How justified is this assumption? As mentioned earlier, carbon dioxide is generally assumed to mix with the deep ocean on a time scale of about 300 years. This is perhaps long enough to justify not taking ocean mixing into account for projections for the next century or so. But how well is this time scale known?
Deep ocean circulation and mixing is difficult to measure directly, and is generally based on hydrographic measurements such as salinity that give little or no information on rates. 
APPENDIX Seawater Response to Increased Carbon Dioxide
An increase in atmospheric carbon dioxide will rapidly increase the partial pressure of this gas in the surface waters of the ocean. This in turn will cause surface seawater to become more acidic via the reaction
This is seen in Figure A1 . The relationships shown in Fig. A1 holds for increases of carbon dioxide over a relatively short time. Marine organisms form calcium carbonate in two forms: aragonite and calcite, polymorphs of crystalline CaCO 3 . Both forms will dissolve unless the surrounding seawater is saturated with respect to the concentration of carbonate ions CO 3 2− . The aragonite and calcite saturation levels are indicated in Fig. A1 .
In the distant past, atmospheric carbon dioxide concentrations were much higher than current values and yet coral reefs thrived. This is despite the fact that ocean pH levels have varied between 7.4 and 8.3 and the lowest values correlate with high carbon dioxide levels. The key to understanding this is that carbon dioxide concentrations changed over periods of time long enough to allow mixing with the deeper parts of the ocean. It is generally believed that this mixing takes about 300 years, while the acidity resulting from dissolved carbon dioxide is partially neutralized by carbonate minerals over a period ~6000 years [12] . Ocean mixing time is a critical parameter for estimating the effect of rising carbon dioxide levels on the ocean, and has been discussed above.
There is some experimental evidence that, rather than pH, the calcification rate of corals responds to the combination of Ca 2+ and CO 3 2− variations. Langdon, et al. [13] have
shown that for an experimental coral reef, variations in Ca 2+ and CO 3 2− appear to affect marine calcification rates more or less according to the relation (A2)
Ω is known as the saturation state and K* sp is the solubility product for either calcite or aragonite. As seawater pH declines as a result rising carbon dioxide concentrations, the concentration of CO 3 2− will also fall reducing the calcium carbonate saturation state.
Langdon, et al. caution however that the control of calcification in corals and marine calcareous algae by saturation state requires additional verification.
The Royal Society report [1] includes Figure A2 The second basic reaction along with the first dissociation constant for carbonic acid is (A5)
The third reaction and the second dissociation constant is given by (A6)
These reactions show that atmospheric carbon dioxide in its gaseous form is absorbed into seawater according to Henry's law where it reacts with water to form carbonic acid. 
Derivation of the relationship between pH and pCO 2
The relation between pH and pCO 2 is crucial for understanding the future impact of rising carbon dioxide concentrations on the ocean. Without this understanding, it is impossible to reliably project seawater pH into the future, particularly beyond a decade or two. Two approaches, which were developed to estimate the pH of Middle Eocene seawater, will be derived here.
The first and second dissociation constants in Eqs. Equations (A12) and (A14) are the same as Eqs. (2) and (4) in the second section of this paper.
